Occurrence of Virus High Molecular Weight DNA in a Variety of Primary Cells and Cell Lines of Human and Simian Origin Infected with Human Adenovirus Strains of Different Subgroups
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SUMMARY
In human KB cells productively infected with adenovirus 2 (Ad2) high mol. wt. forms of DNA have been described that contain virus DNA integrated into cellular DNA. The implications of this discovery are not yet understood. We studied the competence for the formation of such DNA forms of cell species closely related with respect to their origin, although diverse with respect to their proliferative capacity. Eight human and simian cell species infected with three adenovirus strains, representing adenovirus subgroups of different oncogenic potential, were included in the study. The cell systems comprised primary cells of various tissue origin, semi-permanent cells and cell lines originally derived from carcinoma cells. A DNA species was recognized as virus high mol. wt. DNA by the criteria of its high sedimentation value in alkaline sucrose gradients, ability to hybridize to virus DNA, a buoyant density intermediate to that of virus DNA and cellular DNA and the ability to liberate DNA with the density of virus DNA upon ultrasonic fragmentation. The results indicate that formation of the high mol. wt. DNA is not correlated with the state of transformation of the cell nor with the oncogenic potential of the infecting adenovirus strain and could be demonstrated in all virus cell combinations tested. Thus integration of virus sequences into the cellular genome appears to be a common event in productive infection of many adenovirus-cell systems, though cellular as well as virus factors seem to exert modulating influences.
Covalent integration of adenovirus DNA has been described in cells transformed by adenovirus and in cell systems abortively and productively infected by adenovirus. The question remains, whether integration of virus DNA into the cellular genome might in general be a prerequisite for virus transformation, a special feature peculiar to cells showing transformation or permanent growth, or whether it represents a universally occurring phenomenon in the adenovirus-cell interaction necessary for or concomitant with adenovirus propagation.
We were interested in the problem of whether the formation of adenovirus high mol. wt. DNA is influenced by cellular factors that might distinguish primary cells from cell lines derived from carcinoma cells and by virus factors specific for the subgroups of the human adenovirus group. We tested two permanent cell lines (HeLa, KB cells), a semi-permanent fibroblast line (kindly provided by D. Neumann-Haefelin, Freiburg) and three primary cell species grown from human amnion (HAm), human thyroid and human embryonic kidney (HEK). In comparison with the human kidney cells, primary African green monkey kidney (AGMK) and Vero cells, a permanent line derived from AGMK were tested. All cell lines were held in Eagle's MEM (Eagle, I959) , supplemented with non-essential amino acids and 5 % calf serum. For primary cells IO % foetal calf serum was used and Eagle's MEM was oo22-I317/8o/oooo-3774 $o2.oo © I98o SGM
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supplemented with 4 g/l lactalbumin hydrolysate. Virus was titrated in HeLa cells (Wigand & Ktimel, I977) purified and stored according to Lentfer & Conde (I978) . Adenovirus labelled with 3H-or 14C-thymidine was prepared by the method of Doerfler (197o) . KB, HeLa and HEK cells were tested after infection with Ad3 (subgroup B), Ad5(C) or Ad9-15(D), the fibroblast cells (in the 6th and in the 23rd passage) and the thyroid cells after infection with Ad 5, HAm cells after infection with Ad 3 and Ad9-I5 and the two simian cell species after infection with Ad5 and Ad9-I5.
For the screening of the 18 virus cell combinations tested, non-confluent monolayers were mock infected or infected with lOO TCIDs0 of adenovirus per cell. At maximum synthesis of free virus DNA (as determined by 3H-thymidine incorporation experiments; cf. Wigand & Kiimel, 1978) , the cells were pulsed for 2 h with 5o/zCi aH-thymidine/ml.
DNA size class was determined by lysis of the cells in a NaOH/EDTA layer on top of an alkaline sucrose gradient (7 to 18 ~) followed by zonal sedimentation according to McGrath & Williams (1966) and Burger & Doerfler (I974) with minor variations. This method separates the DNA forms solely according to their mol. wt. and leads to preparations of alkali-stable and essentially unfragmented DNA, free of protein, RNA and polyamines (McGrath & Williams, 1966; Burger & Doerfler, 1974; Archard, 1978; Tyndall et al. 1978) . Mechanical drag of free virus DNA into regions of higher mol. wt. has been shown to be absent or negligible by sophisticated control experiments: the highest degree reported for contamination of cellular DNA with free mature virus DNA obtained by the study of reannealing kinetics was 2. 4 ~ of the total virus DNA (Tyndall et al. 1978) . In agreement with another control described in the same study, and with Burger & Doerfler (I974), we found no significant contamination after lysis and DNA sedimentation analysis of a mixture of unlabelled, infected KB, HAm or Vero ceils with 3H-thymidine-labelled virus. In the majority of the experiments we did not add radio-labelled virus DNA as a sedimentation marker to the cells to be screened for the presence of high mol. wt. DNA. Instead we defined the position of the mature virus DNA by comparison with a parallel gradient, in which a control mixture of unlabelled infected cells and labelled virus was sedimented in the same centrifugation run (Fanning & Doerfler, I977) . This procedure is justified by the reproducibility of the techniques used and the good agreement of the results with that of sedimentation analysis of cell material with an internal sedimentation marker. The fractions of the alkaline sucrose gradients were tested for the presence of virus DNA sequences by hybridization to homologous virus DNA immobilized on membrane filters (6/zg/filter; Denhardt, 1966 ) . Even in the most effective adenovirus cell systems (KB cells, Ad2) no more than 5 × lO4 virus genome equivalents accumulate per cell till the pulse time (I5 to 17 h p.i. in KB; Schick et al. 1976 ) and up to 5 × lO5 late after infection (Fanning & Doerfler, I977) . Only 3 x Io 4 cells, corresponding to 5 x Io-2//zg virus DNA, were loaded on to each gradient, and only samples of the peak fractions were used for hybridization. Thus the results of the hybridization give a good estimate for the amount of virus DNA in the various size classes though exact quantification would require reassociation kinetics experiments. The results of the hybridization of the DNA size classes prove the presence of virus sequences in the 4o to 9oS range for each of the 18 virus cell systems tested. Reproducible quantitative differences in the content of virus sequences in the 4o to 9oS DNA were observed between different cell species infected with the same adenovirus type and between different serotypes infecting the same cell species.
A buoyant density analysis in alkaline CsC1 gradients (Ktimel & Hammer, 1979 ) was performed with the high mol. wt. DNA from the virus cell combinations studied as an additional test for the integrated state of the virus sequences. Since pre-formed CsC1 gradients covering a narrow concentration range (p = I'67 to 1.74) were used, separation of the virus and cellular DNA was possible without triple labelling (Burger & Doerfler, 1974) or use of BrdUrd (Tyndall et aL 1978) . Fig. I shows an example of this type of experiment. The high mol. wt. DNA collected from the 40 to 9oS region of the alkaline sucrose gradient bands at a density position intermediate to that of virus DNA and cellular marker DNA. Upon ultrasonic fragmentation DNA fragments showing a density similar to that of virus DNA could be liberated. We did not intend to determine absolute values for the buoyant density of the heterogeneous virus high mol. wt. DNA, but only whether this DNA showed intermediate density and whether DNA pieces of a density identical to that of virus DNA were generated by fragmentation. This was found to be the case for the virus high mol. wt. DNA from each virus cell system tested, while 4o to 9oS DNA from uninfected cells banded at the position of cellular DNA whether it had been sonicated or not. It is a significant feature of the synthesis of the virus high mol. wt. DNA in Ad2-infected KB cells that it already appears in the early phase of the virus replication cycle (Schick et al. I976), but increases noticeably with the onset of virus DNA synthesis. To extend the comparison between primary cells and cell lines with respect to the occurrence of virus high mol. wt. DNA, we studied the kinetics of the formation of this DNA form in Ad5-infected HEK cells. The synthesis of virus unit genome length DNA starts approx, at 7 h p.i. in this system if the m.o.i, is Ioo TCIDs0/cell. Fig. z shows the result of the sedimentation and hybridization analysis of the DNA newly synthesized in these cells in 2 h pulses at different times p.i. The data show that integration of virus sequences into the host genome before the start of virus DNA replication is not peculiar to cell lines established from carcinoma cells but also occurs in primary cells grown from normal tissue. Another characteristic of the newly synthesized DNA in Adz-infected KB cells is the fact that the amount of virus high mol. wt. DNA is dependent on the multiplicity of infection above a m.o.i, of 5 whereas that of the virus unit genome length DNA is not (Fanning & Doerfler, I977; Fanning et al. 1978) . We compared the amounts and hybridization efficiency of 40 to 9oS DNA and 34S DNA with Ad5 DNA from HEK cells infected with Ad5 at different m.o.i. Compared with the results in the cell line KB, the increase in the m.o.i, from 5 to 5 × Ioa TCIDs0/cell resulted in a very considerable increase in the virus high mol. wt. DNA, whereas the 34S size class only depended slightly on the m.o.i.
Virus high mol. wt. DNA is formed in the late phase of the infectious cycle in AGMK cells, abortively infected with Ad9-I5. Since it was possible to demonstrate virus high mol. wt. DNA in this system, but not the formation of late proteins (Eron et al. I975) , an essential influence of late virus proteins on the event that leads to the formation of the virus high mol. wt. DNA in the late phase can be excluded for this system.
The results of the screening of I6 cell species permissive for adenovirus infection suggest that the phenomenon of virus high mol. wt. DNA, probably consisting of or at least containing virus DNA integrated into cellular DNA, is universal in productive infection of a wide variety of human cell species. Considerable quantitative differences in the amount of high mol. wt. DNA between the virus cell systems tested undoubtedly do exist. While KB and HEK cells yield most virus high mol. wt. DNA, human thyroid cells represent the least effective cell species in this respect. A more exact quantitative comparison between the virus cell combinations, however, seems difficult since many factors may influence the amount of virus high mol. wt. DNA formed. Obviously there is no correlation between the competence of the cells to synthesize adenovirus high mol. wt. DNA upon productive infection and the state of transformation of the cell species, the passage number or the tissue and host origin. Infection with virus strains of different subgroups resulted in only minor variation in the formation of virus high mol. wt. DNA; although distinct quantitative differences were observed, a correlation of particular features of this DNA form and its synthesis to subgroupspecific virus factors such as oncogenic potential or GC content cannot be derived from our results. 
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